Most snails are coiled clockwise, but in some species rare genetic variants with reverse coiling occur. Now, a molecular determinant of coiling direction has been identified, the cytoskeletal regulator formin.
Don't let ugly data get in the way of a beautiful hypothesis. That's the gist of a paper that Alfred Sturtevant -hero of modern genetics -published in 1923 [1] . In it, he offered an explanation for a phenomenon two Brits had been struggling with. Professor Alfred Boycott and gentleman scientist Captain Cyril Diver had investigated the inheritance of shell coiling in pond snails. In some snail species, rare variants are found wherein the shell coils in a leftward (sinistral) manner (the shell opening lies left of the midline when the shell is viewed sideways with the tip facing upward) instead of the far more common rightward (dextral) coil ( Figure 1 ). This reversed chirality usually also affects the snail's internal organs. Boycott and Diver had analysed over 16,000 offspring from matings between dextral and sinistral snails, but from the ratios of left-and right-coiled snails they could not infer a pattern that would seem to fit the Mendelian rules of inheritance. Instead, they surmised that an additional ''appearance determiner'' had to be operating [2] .
Sturtevant made two points in response: first, in their crosses they had no way of telling which parent the eggs came from (these snails are hermaphrodites) and whether the offspring came from a true interbreeding of the two individuals or from self-fertilisation (which these snails also happily engage in). So, their numbers were uninterpretable. Second, he offered a simple scheme of inheritance whereby dextral coiling is dominant over sinistral coiling, but with a twist, namely that it is the mother's genetic constitution and influence over the egg that determines the coil. This explained why the offspring of sinistral snails (dd genotype) when mated to DD dextrals would be all sinistral, but their own offspring would all be dextral. Schooled this way, Boycott and Diver went on to collect more data and published an 80-page tome of a paper replete with expansive pedigrees, only to conclude that Sturtevant's ''inspired guess'', as they called it, had been right [3] . Now, in this issue of Current Biology Angus Davison and colleagues [4] bring beautiful data to bear on this old hypothesis and provide a molecular foundation for this striking phenomenon.
Deciphering D Two main lines of evidence support the claim that Davison and colleagues have indeed identified the D locus: genetic mapping and phenocopying. As the snail they studied -Lymnaea stagnalis, a relative of L. pererga used in the classic experiments -is not amenable to genome engineering yet, some inspired guesses were involved here as well. Davison and colleagues mapped and sequenced the D locus and found six suspect genes that were in perfect linkage with it. Only one of them, Ldia2, one of a pair of tandemduplicated formin genes, was found to carry a presumed loss-of-function mutation (a single base pair deletion leading to a frame-shift). Ldia2 was also the only gene to show significant differences in expression between embryos from mothers of the different genotypes, its mRNA being almost completely absent in sinistral embryos, which indicates RNA decay due to the mutation. The expression of Ldia2 in dextral embryos looks striking indeed: its mRNA is confined to one of the two first cells of the embryo and ends up in one of the four blastomeres at the four-cell stage. That asymmetry is already visible at the two-cell stage is unexpected, as a dextralsinistral difference is morphologically only visible after the next cell division, and surprising, as the difference is seen in all blastomeres at this stage. Doubtless, analysis of Ldia2 protein expression will resolve these puzzles.
In a typical model system, the obvious next step would be to try and rescue the mutant using a transgenic copy of the candidate gene, or to recapitulate the mutant phenotype using a gene knock-out. As this is not yet possible in the snail, the authors resorted to a formin-inhibiting drug, which is less optimal given the unknown extent of side effects. Drug treatment did manage to convert dextral embryos into sinistral ones, albeit with low penetrance and against a high background of drug lethality. These are good indications, but gene knock-out approaches will hopefully soon enable levels of proof in Lymnaea that are standard in classic model systems. Nonetheless, the identification of such an early molecular regulator of chirality is a remarkable feat, all the more as they have been elusive in vertebrate model organisms.
Chirality and Causality
Now, how do you get from a cytoskeletal regulator to a coiled snail? The surprising observation that the sinistral phenotype is apparent early in development at the cellular level was made already in 1893 by Henry Crampton [5] , who through a ''most happy accident'' looked at early embryos of Physa, a left-coiling snail species, and found that the blastomeres between the four and the eight cell stage rotate leftward instead of rightward in a species with dextral shell coiling. It took more than a century until these observations were reconsidered with molecular markers in L. stagnalis [6] . This led to a striking realization: while the blastomere rotations do look like mirror images in dextral and sinistral forms, on the cytoskeletal level they don't. Instead the spindle, which in dextral embryos is tilted clockwise, does not tilt at all in sinistral ones and is arranged radially (Figure 2 ). This observation suggests that sinistral twisting really is a loss-of function phenotype, at least in L. stagnalis (in Physa, the spindles do tilt leftward [7] ), and this fits of course nicely with the genetic data implying a loss of Ldia2 function as its cause.
This observation alone, however, doesn't answer whether coiling is directly contingent on the orientation of the first blastomeres, or whether these are two independent effects of the same genetic locus. In other words, is it one phenotype or two phenotypes? This question was addressed a few years ago with an ingeniously elegant (but no doubt difficult) experiment [7] . In it, glass rods were used to push blastomeres in the opposite direction during the third embryonic cleavage, and this mechanical procedure sufficed to turn dextral embryos into sinistral ones and vice versa. Strikingly, the embryos survive this treatment and coil their shells according to the newly imposed phenotype and not their original, genetically determined one. So, it really is the blastomere rotation that, like a toggle switch, prefigures the coiling of the shell and its contents.
How precisely this change in blastomere configuration is relayed to the later stages of development is not known -we know deplorably little about how genes control mollusc development in general -but there are hints. Sinistral and dextral L. stagnalis (no matter whether genetically determined or mechanically induced) also show corresponding differences in the expression of regulators of laterality, namely the signalling molecule Nodal and its downstream target pitx [7] . Nodal and pitx provided a long-sought link between the well-studied left-right asymmetry of vertebrates and snail coiling (interestingly, pitx also controls asymmetric looping of the chicken gut through a formin [8] ). Both genes are expressed on the side the shell opens to -on the left in sinistral embryos and on the right in dextral embryos -and nodal inhibition leads to shells with no chirality at all [9] . So, it seems most likely that due to shifted early blastomere configuration an embryonic signalling centre (or organiser) ends up in a different place -left instead of right -and thus instructs the lateral morphogenesis of the developing snail in the opposite way.
Unravelling the precise mechanisms of how body and shell coiling are effected is probably a long way away, given the lack of genetic tools in snails. The early cellular mechanisms by which formin affects blastomere configuration and thereby left-right asymmetry seem much more tractable. Formins are a large family of eukaryotic proteins that regulate both actin-and microtubule-based cytoskeletal elements [10] : they are known to promote the polymerization of actin filaments and to stabilize existing microtubules. The idea that changes in chirality at the macroscopic level should be due to subcellular processes that are themselves chiral has captivated biologists for some time [11] . And the cytoskeleton has emerged as a prime spot to look, not the least because actin filaments and microtubules are chiral [12] . In isolated fibroblasts, for instance, confined to a circular space, radial actin fibres emerge that over a couple of hours tilt in a counterclockwise direction. The orientation of this tilting is due to formindriven actin filament rotation and can be flipped by increasing the levels of the actin cross-linker alpha-actinin in the cell [13] . Superficially, this tilting looks similar to what happens to the mitotic spindles in dextral L. stagnalis (albeit in the opposite direction). And indeed, actin depolymerizing drugs can abrogate the spindle twist (but not push it in the opposite direction) and thus turn dextral embryos into sinistral ones [6] , but it is currently unclear which specific cytoskeletal functions underlie the spindle rotation that is at the heart of the whole process.
Another example that is phenomenologically more similar to the snail situation comes from the nematode C. elegans. There, left-right asymmetry (though not morphologically visible) also involves a spindle tilting during the second cell division, and analogous to snails, mechanically pushing the resultant daughter cells into a different place also reverses left-right polarity in the embryo [14] . Here, an active cytoskeletal flow that is itself chiral has been shown to underlie this chirality [15] . These parallels are suggestive, but ultimately, the precise mechanism by which formin controls cellular events to cause a chiral blastomere arrangement will have to be worked out in the snails themselves.
Endless Coils Most Beautiful
What is so fascinating about snail coiling is that this process really transcends all levels of biological organisation. From the presence or absence of a cytoskeletal regulator, different cellular arrangements emerge, which through developmental singalling on the tissue level lead ultimately to differences in the overall organism's design. It's only natural to wonder how these differences might play out on an evolutionary scale. Snail coiling poses a number of evolutionary puzzles. Of the 70,000 or so snail species, upward of ninety percent are predominantly dextral [16] . Like L. stagnalis, some of these occasionally have sinistral individuals, which are prized collector's items or even sacred like the Dakshinavarti Shankh, a left-coiled conch to which Hindu faith ascribes mystic powers. In turn, there are several sinistral species and even families, and some of these again show rare dextral forms. How come right-coiling is so prevalent, what are the factors that led to the rise of differently coiled snails, and how are both variants maintained in these polymorphic groups?
Whether or not Ldia2 may help answer these questions remains to be seen. So far, the picture is complicated. Davison and colleagues [4] looked at Ldia2 orthologues in two groups of snail (Partula and Euhadra) that, like L. stagnalis, come in dextral and sinistral forms, but they could not find any association of Ldia2 variation with chirality. In terms of family relations, the Lymnaeidae, which include L. stagnalis, are the right-coiled odd-balls among several sinistral groups, such as the genus Physa. Representatives of these related groups do not have an Ldia2 orthologue, suggesting that the tandem duplication of formin genes that generated this chirality determinant arose specifically in the Lymnaea lineage as it switched from left to right coiling. This makes it unlikely that Ldia2 is an universal determinant of variation in shell coiling in snails. But it may still help us understand the evolutionary forces that led to one coiling direction being favoured. There are indications from other polymorphic snails that both predation and mating compatibility (genitals on different sides of the body may make it hard to make a match) may determine which chiral type is favoured [17] . The newly discovered coiling determinant, the first of its kind, is surely a promising starting point from which more beautiful hypotheses and inspired guesses will unfold.
